Multiple-input-multiple-output (MIMO) wireless systems can not always have full spatial multiplexing gain due to the channel correlation problem caused by various factors such as the coupled antenna elements, and the key-hole effect of the propagation environment. In this paper, we proposed a channel reconfiguration technique to combat the rank deficiency problem of the involved MIMO wireless channels that can not afford high-order multiplexing gains. In the proposed approach, each mobile station can simultaneously receive several independent data streams from multiple base stations through a set of MMSE-based receive beamformers to suppress the multiple access interferences. Making use of the receive beamforming, which virtually produce the effect of a single antenna at each receive mobile, makes the transmit base station possible to reconfigure the MIMO downlink channel and then pre-cancel the co-channel interferences. The proposed signal processing mechanism that iteratively optimized the MMSE receive weights and the transmit precoders, which brings the reconfigured MIMO system about the high data throughput seen only with indoor MIMO systems having rich wireless channels. It is shown that as compared to the conventional MIMO system, the M4 system can achieve a significantly higher capacity which is proportional to the number of the linked base stations.
Introduction
By using antenna arrays at both the transmitter and the receiver, a multiple-input-multiple-output (MIMO) system can substantially boost its spatial multiplexing gain by a factor proportional to the number of antennas [1] - [3] . Also, by using smart antenna array, it also can effectively avoid interferences so as to attain a spatial diversity gain for enhancing the reliability of data transmission.
The capacity of MIMO systems can be explored by using the right/left singular vectors of the channel matrix as the transmit/receive beamforming weights, by which the wireless MIMO channel can be decomposed into a set of independent parallel subchannels [4] and then the waterfilling strategy can ensure the optimized transmission rate supported by the parallel channels. The number of usable subchannels is decided by the magnitude of singular values of the MIMO channel matrix. A MIMO system can support full of spatial multiplexing gain only when the corresponding channel matrix is of full rank. Furthermore, the maximum channel capacity is achieved by the MIMO channel having identical subchannel gains [4] . MIMO systems can also reduce the frequency-reuse factor of a multiuser communication network by taking advantage of the spatial selectivity of antenna arrays. Now existing systems deploy a single base station to serve all the in-cell mobile subscribers for data transmission. Under such a system structure, in the multiple access channel, the base station can use spatial beamforming techniques to increase the system spectral efficiency [5] . In addition, array signal processing which help separate wireless signals from multipath channels have been widely investigated [6] . On the other hand, in the broadcast channel, according to the channel state information (CSI), signals intending for various downlink subscribers can be pre-equalized through the transmit beamforming techniques [7] - [9] . Using the uplink-downlink duality of the wireless channel, Schubert and Boche propose a joint power allocation and downlink beamforming algorithm subject to a set of signal to interference-plus-noise power ratio (SINR) constraints for broadcasting networks with subscribers having a single antenna [10] , [11] .
As we have mentioned, reliable communication with high data-rate transmission is supported by the rich scattered full-rank MIMO channel having high-order spatial multiplexing gain. However, MIMO systems often suffer the rank deficient problem, e.g., MIMO systems in rural or in the environments with pin-hole effect [4] . The bad conditioned MIMO channel can promises rather few spatial multiplexing gain to subscribers. To solve this, we propose a downlink system with multiple base-stations (BS) and multiple mobile-stations (MS) with each BS and each MS equipped with multiple antennas, referred to as the M4 system. In the M4 system, each base station transmits data to multiple mobiles and each mobile receives data from multiple base stations, all simultaneously. In this case, a transmitter with rank-deficient channel to each of its corresponding receivers can transmit a large number of independent data streams to many uncoordinated receivers simultaneously; a receiver with rank-deficient channel to each of its corresponding transmitters can receive a large number of independent data streams from multiple uncoordinated transmitters all simultaneously-and-on-the-same-frequency.
Without common eigen vectors existing among the channel matrices, interference avoidance is particularly imCopyright c 2009 The Institute of Electronics, Information and Communication Engineers portant to the M4 system. In the proposed algorithm, each mobile station iteratively design the associated receive beamformers to suppress mutual interferences among the data streams from different base stations. On the other hand, in conjunction with the receive beamformers, each base station virtually re-configure all its downlink MIMO channels as a set of multiple-input-single-output (MISO) channels. With this arrangement, we may have the transmit signal dimension high enough to pre-cancel interferences at each transmit base station. As a result, the M4 system can be decomposed into a large number of independent subchannels providing a sum capacity, seen at the mobile station, proportional to the number of employed base stations. We refer the deployment of multiple base stations for boosting the capacity of subscribers with rank deficient MIMO channels as the base-station diversity.
This paper is organized as follow. In Sect. 2, the system model of the M4 system is introduced with MIMO channels being expressed in a parametric manner. Also, the capacity of MIMO channel is investigated and the condition number of the channel matrix is adopted as a measure of spatial multiplexing gain. In Sect. 3, the signal processing scheme for the M4 system is proposed. With this signal processing scheme, the achievable channel capacity seen at the mobile station is discussed. In Sect. 4, computer simulations are conducted to compare the performance of the proposed algorithm to now existing systems. In Sect. 5, we conclude the whole paper.
System Model
We consider an M4 system consisting of K base stations (BS) each with n T transmit antennas, and M mobile stations (MS) each with n R receive antennas. Assume that a flatfading wireless channel with W k,m clusters of multipaths is present between BS k and MS m. The corresponding channel matrix can be expressed as
where r k,m (w) represents the number of multipaths in the wth cluster; β
w,p is a complex Gaussian random variable representing the complex fading amplitude of a multipath; a R θ (k,m) R,w,p denotes the n R × 1 receive antenna array response vector of the pth multipath in the wth cluster with respect to the direction of arrival (DOA) θ (k,m) R,w,p , which is assumed a Gaussian random variable with its center DOA θ By using the right/left singular vectors of H k,m as the transmit/receive beamforming vectors respectively, the MIMO system can be regarded as a spatial multiplexing scheme in which a set of parallel subchannels can be constructed between BS k and MS m. With equal-power allocated on each subchannel, the corresponding channel capacity is
where n min = min n T, n R , P denotes the transmit signal power of each subchannel and λ i 's are the singular values of H k,m and N 0 the noise power. By the Jensen's inequality [12] , the convexity of logarithm yields
where the equality holds when λ i = λ j , ∀i, j. It follows that a MIMO channel with singular values of equally likely magnitudes possesses large channel capacity. As a consequence, the condition number, which is defined as the ratio of the largest singular value to the smallest singular value of a matrix, can be adopted as a measure of the spatial multiplexing gain provided by the MIMO channel. In other words, a rankdeficient MIMO channel with high condition number is not able to afford full-order of spatial multiplexing gain [4] .
Let us now focus on those wireless systems which either suffer the key hole effect or consist of few scatterers, so the corresponding channel matrix becomes rank-deficient. To maintain a high data throughput in such scenarios, in the proposed M4 system, each MS is allowed to request data transmission simultaneous from multiple BSs. Let κ m denote the set of BSs having viable communication links with MS m. The signal received at MS m can thus be expressed as
where y m denotes the n R × 1 signal vector received at MS m, x k denotes the n T × 1 transmit signal vector of BS k, and z m is the additive white Gaussian noise (AWGN) of variance
2 . For convenience, we ignore the sampling time index in (4) and throughout this paper. At BS k, the transmit signal x k carries information intended for several MSs. Let Ψ k = {m| k ∈ κ m } denote the MSs having viable communication links with BS k and let U k,m denote the number of data streams transmitted from BS k to MS m ∈ Ψ k . Take the M4 scenario in Fig. 1 as an example, κ 2 = {1, 2} and Ψ 2 = {2, 3}. When constructing the communication links, the choice of the number of data streams, U k,m , depends on the degree of freedom that is affordable to the channel matrix. It typically should be no higher than either the number of transmit antennas, that of the receive antennas, or the rank of the channel matrix H k,m . With a precoding function, the transmit signal can be represented as
where Due to the employment of multiple BSs for data transmission to each MS in the same time-slot and the same frequency-band, the M4 system is of high interference in the downlink channel. With respect to the data stream carrying d u k,m as the desired signal, interferences seen at MS m can be classified into 1) interference from other BSs k where k ∈ κ m but k k, i.e., k ∈κ m ;k k H k ,m x k , referred to as the multiple access interference (MAI), and 2) interferences contained in the signal from the same BS k but intended for other MSs or for other data streams, i.e.,
, referred to as the co-channel interference (CCI) . Differ to current systems which use only a single BS for their downlink transmission, the MAIs in the M4 system must be well dealt with. The MAI elimination mainly depends on the dimension of the noise subspace attainable to the MSs which is extremely stingy to a full-ranked MIMO channel with limited number of receive antenna elements. However, the goal of the M4 system is aimed to take care of the rank deficient MIMO channels which on the contrary can offer adequate dimension of noise subspace at the receive side for executing MAI cancellation. In next section, the M4 system uses a receive beamformer at each MS to alleviate the MAIs whereas using a transmit beamformer at each BS to eliminate the CCIs through the channel reconfiguration technique.
The Proposed Approach
The proposed algorithm for the M4 system consists of two stages. In the first stage, referred to as the training stage, k∈κ m U k,m receive beamformers are determined at MS m in an iterative manner. In the second stage, referred to as the transmit signaling stage, with the CSI sent back by MS m ∈ Ψ k , each BS k reconfigure its own downlink MIMO channels to the MS m ∈ Ψ k into a set of MISO channels and apply Tomlinson Harashima precoder (THP) as the transmit encoding function for data transmission.
Iterative Receive Beamforming (IRB)
In the training stage, the minimum mean square error (MMSE) criterion is employed to design the receive beamformers. At the very beginning, with no knowledge of the receive beamformers, each BS k ∈ κ m sends the largest U k,m right singular vectors of H k,m , modulated by the training symbols as its transmit signal vectors. In the nth iteration, the weight vector of the uth MMSE beamformer at MS m intended for receiving the uth symbol from BS k is
where 
where the superscript T denotes the matrix transpose operation. By stacking all the MISO channels (7) each as a row vector into a matrix form, the downlink channels observed by BS k can be reconfigured as
Under the assumption ofŨ k ≤ n T , by using the pseudo inverse of the reconfigured channel matrix as the updated transmit matrix, i.e., T k (·) =H † k [n + 1], the training signal sent by BS k during the (n + 1)th iteration is
where the superscript † denotes the pseudo inverse of a ma-
representing the training symbol for the uth subchannel from BS k to MS m.
At the receive side, each MS m ∈ Ψ k re-design the MMSE beamformers (6) according to the receive signal in the (n + 1)th iteration and then send the resultant weight vectors back to the respective BSs for the channel reconfiguration in (7), (8) . The procedure repeats until
, represent the finalized reconfigured channel matrices. Subsequently, the proposed algorithm enter the second stage of transmit signaling design whereH k is used to carry out the Tomlinson Harashima precoders (THP) [8] , [9] at BS k for CCI cancellation.
The Transmit Signaling
Taking advantage of the reconfigured channel matrices which have high enough signal dimensions, various transmit signaling, such as the THP and the zero-forcing equalizer, can be applied to the M4 system for precanceling CCIs at the transmitter. Since the zero-forcing transmit equalizer may suffer from the transmit power saturation problem, we therefore choose the THP as the transmit signal scheme of the M4 system. THP is one of the dirty paper encoding techniques ensuring signals intended for different users or for subchannels in a broadcasting network will not interfere with one another. We now apply the THP at BS k by using the synthesized channel matrixH k obtained in the first stage of the proposed algorithm. To simplify the description, we assume n T = n R =Ũ k = n hereafter.
At each MS m ∈ Ψ k , the outputs of the beamformers developed for receiving signals from BS k can be stacked into a column vector as x k + z m is the interference-plus-noise at the outputs of the beamformers. With the QR decomposition,H k can be factored intō
where R k = r k (i, j) n×n is a lower triangular matrix with r k (i, j) denoting its element at row i and column j. Q k is an unitary matrix with Q k Q H k = I. In the second stage of the proposed algorithm, the payload signal transmitted through BS k is now modulated by
where
T is the n × 1 vector produced by the THP at BS k. With (11) and (12), (10) becomesȳ
The THP adopts the modulo function to keep the amplitude of the transmit signal within a specified range so as to prevent the transmit amplifier from saturation, The modulo function is defined as
where · denotes the floor operation which returns the largest integer less than the embraced number. To generate s k , we first let
with the data symbols d u k,m ∀m∈Ψ k , u=1,...,U k,m being arranged in the same order as that in (10) . We then define
where I k,l is an integer generated by the modulo function. At the receiver, assume thatȳ u k,m is the lth element ofȳ k in (13), and hence can be expressed as
where R k [l, :] denotes the lth row of matrix R k . Therefore, with the assumption that r k (l, l) is exactly known at the receiver, data symbols can be decoded bŷ
The overall procedures of the proposed algorithm for the M4 system is summarized as follows: The proposed algorithm: In addition, shown in Fig. 2 is the schematic illustration of the proposed iterative algorithm carried out among the BS1, BS2 and MS2 in Fig. 1 .
Capacity Gain
It is known that the capacity of Gaussian vector channel with a set of independent parallel subchannels is the sum capacity over the individual Gaussian subchannels [12] . Since either-pre-or-post-processing applied on the channel matrix are nothing to do with the channel capacity [12] , it follows that the capacity gain of the proposed M4 system, as compared to the regular MIMO system using a single BS, is mainly attained from the reconfiguration of the multiple MIMO channels. In addition, the capacity of an interference channel depends on the signal-to-interference-plus-noise ratio (SINR) seen at the receive side which is dominated by the response of the channel under a fixed transmit power. In the M4 system, we define the degree of freedom of a MS as the total number of usable subchannels with significant channel response. As indicated in (17), the independent subchannels constructed by the proposed signal processing scheme provide MS m a degree of freedom ofŪ m = k∈κ m U k,m which is intuitively about |κ m | times of that of the regular MIMO system with a bad conditioned MIMO channel. Specifically, in terms of the singular value decomposition, the reconfigured channel matrixH k can be expressed as
whereŪ k andV k are constructed by theŨ k left and right singular vectors ofH k , respectively;Σ k = diag λ k,1 , · · · ,λ k,Ũ k whereλ k,u s denote the singular values ofH k . We assume that the sum power of all data streams intended for MS m is
where P u k,m denotes the signal power allocated at BS k intending for the uth data stream to MS m. In the M4 system the sum capacity of MS m can be expressed as
where N k,u denote the power of the interference-plus-noise in (10) . Specifically, N k can be represented as
represents the amount of interference at the output of the receive beamformer. We refer η u k ,m to as the MAI-factor of BS k to MS m of the M4 system when d u k,m being regarded as the desired signal. Generally, due to the use of the MMSE receive beamformer which ensures the integrity of the desired signal while minimizing the power of the MAIs, the MAI-factors of the M4 system can always be significantly reduced to a negligible level as long as the degree of freedom,Ū m , is not overloaded. With this understanding, the interference-plus-noise power in (22) can be approximated to the additive noise level, i.e., N k,u ≈ N 0 , in the moderate-to-high SNR region where the MMSE-based IRB can be well formulated, and the sum capacity in (21) can consequently be approximated by
A quantitative comparison of the MAI factors of the M4 system will be given in next section to support the validity of the proposed IRB approach. Therefore, under the sum power constraint (20) , the water-filling strategy [12] yields the optimal power allocation
where the operator " + " only chooses the positive operand as its output and produces a zero otherwise; ν is a power threshold according to which the transmit power P u k,m is determined.
As a comparison, consider a scenario that the conventional MIMO approach is directly applied to the M4 system using multiple BSs. By simply using the significant left/right singular vectors of H k,m as the receive/transmit beamforming vectors, respectively, the CCIs can be precancelled at each BS whereas the MAIs in the M4 system can not be removed because there is no common singular vectors existing among different channel matrices H k,m and H k ,m . As a result, the capacity of MS m is
is the corresponding MAI factor of the M4 system which uses u u k,m as the receive beamforming weight. It is shown in (25) that the conventional approach seriously degrades the capacity of the M4 system due to that the base-station diversity provided by the M4 system can not be effectively exploited. In addition, if we choose to remove the MAIs in (25) by discarding the base station diversity, let κ m = {k} which means that only a single BS k offers communication service to MS m, the whole system becomes a regular MIMO system with capacity
Compared (26) to (21) ,with superior interference avoidance capability the proposed algorithm significantly increases the capacity by a factor of |κ m | which is also the increment of the degree of freedom seen at MS m of the M4 system. It is noteworthy that the goal of the proposed M4 system is to provide an alternative operation mode for the MIMO communication system under various wireless channel states. When high throughput is appealed by a subscriber with bad channels, the proposed algorithm can improve the spatial multiplexing gain by taking advantage of the noise subspace of the rank-deficient MIMO channel to effectively suppress the interference and consequently increase the channel capacity seen at the poor subscriber. On the contrary, when the MIMO channel is rich scattered and of full rank, the noise subspace vanishes and the operation mode of the communication system is turned back to the conventional MIMO systems in which a MS is served by a single BS. In that case, U k,m = n min and therefore full order of multiplexing gain is achievable. However, even in a rich scattered MIMO channel, the distribution of the singular values λ u k,m may still deeply varies. In case most channel energy concentrates on only a few singular vectors, the remaining singular vectors corresponding to trivial singular values can thus be regarded as the noise subspace and the proposed M4 operation mode is then initiated.
Computer Simulations
Consider a M4 system with K = 2 BSs and M = 2 MSs among which a circular antenna array with n T = n R = 4 antennas is deployed at each BS and MS. We assume a slow-and-flat-fading wireless channel in which two clusters W k,m = 2 each containing r k,m (w) = 10 (k, m, w = 1, 2) multipaths are presented to construct the downlink channel matrices H k,m . In addition, independent Rayleigh fading with a normalized power of 0 dB are assumed on each multipath. We adopt the parameters of the wireless channel model revealed in [13] , the DOAs of the multipaths in each cluster are Gaussian distributed with a randomly selected center DOA as its mean and an angular spread σ (k,m) R,w = 30
• as its variance. Likewise, the DODs of the multipaths are also Gaussian distributed with a randomly selected mean and an angular spread σ (k,m)
T,w = 3
• . The GMSK filter is employed as the transmit filter with symbol period T = 0.1 μs or equivalently a symbol rate of 10M symbols/sec. A QPSK modulation scheme is adopted and the constant of the modulo function is τ = 4. Shown in Table 1 are the singular values of a typical realization of the MIMO channel matrices of the M4 system. It is apparent that, with small transmit angle spread, the corresponding MIMO channel matrices can not afford full-order of spatial multiplexing gain to the subscribers. According to the singular values in Table 1 , both BS1 and BS2 therefore choose to assign two subchannels with the most significant singular values to MS1 and to MS2, i.e., U 1,1 = U 1,2 = U 2,1 = U 2,2 = 2 , respectively. Figure 3 shows the curves of the mean square norms of the receive beamformer weight difference vectors J u,k,m [n] between iterations. Five hundred independent trials are conducted. It is obvious that the weight vectors converge very fast in only a few iterations which makes the proposed iterative receive beamforming approach feasible via a short term training period. Figure 4 illustrates the symbol error rates (SER) of the proposed algorithm as compared to those of 1) the extended 4 antenna Alamouti code [14] and 2) the VBLAST algorithm [5] , where BS 1 only communicates with MS 1 and BS 2 only communicates with MS 2. Both precoding scheme are adopted in the WiMax system specification [14] . It is shown that, with the same overall data throughput, the proposed algorithm is the only survivor with acceptable SERs due to its use of dirty paper coding techniques injunction with the MMSE-based receive beamformers to well handle the CCIs and MAIs in the M4 system. In addition, without the capability of handling the MAIs, the other two conventional approaches can hardly work in the M4 system even though they have diversity gain in the regular MIMO system.
By using the DOD spread σ (k,m)
T,w as a parameter to control the rank deficiency of MIMO channel matrices, the comparison of the condition numbers of the MIMO channel H k,m and the reconfigured channelsH k is illustrated in Fig. 5 . As shown in the figure, as the DOD spread decreases, the resultant rank deficient H k,m 's have extremely high condition number which implies that an ill-conditioned MIMO channel can construct only a few number of independent parallel subchannels. On the other hand, the condition numbers of the reconfigured channelsH k of the M4 system are comparative low and thus have significantly higher multiplexing gain as compared to the regular MIMO downlink system. Also shown in Fig. 5 , as the DOD spread increases, each H k,m becomes well conditioned which indicates that rich scattered MIMO channels possess high spatial multiplexing gain, and in this case the M4 system can hardly work in such full rank MIMO channels since there is no extra array signal dimension available to the MS for eliminating the MAIs.
Shown in Table 2 is the comparison of the MAI-factors of the proposed IRB approach in (22) and that of the conventional SVD approach in (25) . We assume a rank-deficient MIMO channel the same as that in Fig. 4 and E b /N 0 = 20 dB. As we can see in the table, by using the MMSE design criterion in conjunction with sufficient degree of freedom supported by the M4 system, the proposed IRB algorithm can effectively suppress the MAIs in terms of significantly low MAI-factors as compared to directly using the conventional SVD approach in the M4 system. In order to evaluate the capacity gain contributed by the base-station-diversity, shown in Table 3 is the comparison of the capacity of the M4 system to that of the regular MIMO system under a fixed sum power constraint. The capacity is defined as the maximum achievable transmission rate seen at the receiver either in the M4 system or in the regular MIMO system. In the M4 system, we first assume that κ 1 = {1, 2} , Ψ 1 = Ψ 2 = {1}, in other words, MS 1 obtains all the channel resources provided by both BS 1 and BS 2. In addition, each of the two base stations assigns MS 1 their two strongest subchannels of the largest singular values of the associated reconfigured channel. In a similar setting, the capacity curve of the MS 2 in the figure is achieved when both BSs are exclusively assigned to serve MS 2 only. On the other hand, in the regular MIMO system only BS1 is employed for data transmission via its two significant subchannels of H 1,1 . Under this arrangement, there are four subchannels attainable to MS1 in the M4 system whereas only two subchannels being available in the regular MIMO system. The transmission power is adjusted to achieve the signal to noise ratio (SNR) shown in the figure. To make a fair comparison, the total transmission power of both systems are set identical. Specifically, we allocate the power term in (21) , T,w = 3
• again, one thousand independent trials each with a set of independently generated MIMO channel matrices are carried out to calculate the average capacity. As shown in the table, compared to the regular MIMO system with rank deficient channel matrices, the M4 system can effectively increase the sum capacity attainable to the MS by a factor proportional to the number of the employed BSs. We therefore conclude that with the base station diversity, the M4 system can effectively gain extra channel capacity due to its use of multiple BSs.
Conclusions
A downlink system with multiple base stations and multiple mobile stations each having multiple antennas, referred to as the M4 system, is considered in this study to combat the rank deficiency problem of the involved MIMO wireless channels that can not afford high-order multiplexing gains. In the M4 system, each mobile station simultaneously receive several independent data streams from different base stations through a set of noise-subspace-based receive beamformers to suppress the multiple access interferences. The use of the subspace-based receive beamformers can substantially increase the signal dimension of the antenna array at base stations which consequently can pre-cancel the cochannel interferences by applying the THP technique on the re-configured downlink channel. By appropriately exploiting the base station diversity, the proposed algorithm significantly increase the degree of freedom of a rank deficient MIMO channel. While maintaining the channel diversity, the M4 system, having extra increment on spatial multiplexing gain, can bring about the high data throughput seen only with indoor MIMO systems having rich scattered wireless channel.
